Kidney transplantation is the preferred treatment for pediatric end stage renal disease (ESRD). Preemptive transplantation avoids the increased morbidity and mortality of dialysis. Yet, prior studies have not demonstrated significant graft or patient survival benefits for children transplanted preemptively versus non-preemptively. These previous studies were limited by small samples sizes and low rates of adverse events. Here, we compared graft failure and mortality rates, using Kaplan-Meier methods and Cox regression, among a large, national cohort of children with ESRD receiving preemptive versus non-preemptive kidney transplant between 2000 and 2012. Among 7,527 pediatric kidney transplant recipients in the United States Renal Data System, 1668 were transplanted preemptively. Over a median 4.8 years follow-up, 1314 experienced graft failure and over median 5.2 years of follow-up, 334 died. Dialysis exposure versus preemptive transplant conferred higher risk of graft failure (hazard ratio 1.32; 95% confidence interval: 1.10-1.56) and higher risk of death (hazard ratio 1.69; 95% confidence interval: 1.22-2.33) in multivariable analysis. Compared with children transplanted preemptively, children on dialysis for more than one year had 52% higher risk of graft failure and those on dialysis more than 18 months had 89% higher risk of death, regardless of donor source. Thus, preemptive transplantation is associated with substantial benefits in allograft and patient survival among children with ESRD, particularly when compared with children who receive dialysis for over one year. These findings support
Introduction
Preemptive renal transplantation, which is defined as transplantation prior to the initiation of dialysis, is well established as the optimal treatment for adults with end stage renal disease (ESRD), 1 but the benefits of preemptive renal transplantation for children are less clear. For adults, renal transplant recipients have longer survival and improved quality of life, as compared to dialysis patients. 2 The median waiting time to transplant for an adult on dialysis in the United States (US) is four to five years (1416-1813 days) 3 and longer time on dialysis adversely impacts graft and patient survival. 4, 5 Preemptive transplantation avoids the morbidity and cost associated with dialysis as well as surgical dialysis access and its complications. 6, 7 In contrast, children with ESRD in the US experience much shorter waiting times to transplantation, with a median waiting time of less than one year for a child 1-17 years of age; although, wide geographic variability in pediatric waiting times has been noted, with a range of 14 to 1313 days across donor services areas. 8 For children who are dependent on dialysis, there are well documented adverse effects on cognitive function, growth, anemia, bone-mineral regulation, cardiovascular disease and overall lifespan, as compared with transplant. [9] [10] [11] [12] [13] [14] However, the benefits of completely circumventing dialysis for children with ESRD have not been clearly demonstrated. Several studies have demonstrated no differences in patient or graft survival between children receiving preemptive vs. non-preemptive transplant [15] [16] [17] [18] [19] [20] [21] and there is some evidence to suggest discrepancies in the graft survival benefits of preemptive transplants by donor source. [22] [23] [24] Importantly, the majority of these studies have been limited by small sample size and few events. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] We hypothesized that given a large, national sample of children with ESRD followed over a decade, we would observe significant patient and graft survival benefits of preemptive vs. non-preemptive kidney transplantation and would be able to discern whether any differences exist across donor source.
Results

Baseline Characteristics of Overall Study Cohort
Among the 7,527 pediatric transplant recipients included in the study population, 55.2% (N=4,157) received a deceased donor (DD) transplant and 44.8% (N=3,370) received a living donor (LD) transplant ( Table 1 ). The majority of DD and LD recipients were white non-Hispanic (49.3%), male (58.9%) and aged 11-17 years (59.5%). The most common causes of ESRD were congenital anomalies of the kidney and urologic tract (CAKUT) (45.7%). Over half of transplant recipients (54.8%) had public insurance. The mean donor age was 28.7 years, although this was significantly higher in the LD recipients. More than half (61%) of patients were transplanted during the Share 35 Policy era (post September 2005). 28 .4% of children with ESRD in this cohort lived in neighborhoods in which more than 20% of their ZIP code lived below the poverty level.
Baseline Characteristics of Pediatric Transplant Recipients by Donor Type and Preemptive vs. Non-Preemptive
A total of 1668 (22.2%) pediatric transplant recipients received a preemptive donor transplant, of which the majority (66.2%) was LD vs. DD (33.8%) ( Table 1 ). Of patients receiving DD transplants, 13.6% (N=564) were transplanted preemptively. As compared to the non-preemptively transplanted DD recipients, the preemptive DD transplant recipients were younger, more likely to be white non-Hispanic and male, to have CAKUT, to have private insurance and live in wealthier neighborhoods. Among the children receiving LD transplants, 32.8% (N=1,104) were transplanted preemptively. In the LD recipient group, preemptively transplanted patients (vs. non-preemptively transplanted patients) were slightly older but also more likely to be white non-Hispanic and male with a diagnosis of CAKUT, with private insurance and living in wealthier communities.
Characteristics Associated with Graft Failure among Preemptive vs. Nonpreemptive Pediatric Kidney Transplant Recipients
A total of 1314 patients (17.5%) experienced graft failure during the median follow-up of 4.8 years (IQR: 2.3, 7.8) ( Table 2 ). There was a lower proportion of graft failure among patients who received a preemptive vs. non-preemptive transplant (9.5% vs. 19.7%, p<0.0001). Results were consistent across donor type; among patients who received a DD preemptive transplant, 12.9% experienced graft failure while 24% of non-preemptive DD transplant recipients experienced graft failure (p<0.0001). Among patients who received any LD transplant, there were fewer graft failure events overall compared to those who received a DD transplant (11.2% vs. 22.5%, p<0.0001), but LD recipients who received a preemptive LD transplant still had fewer graft failures compared to those who received pre-transplant dialysis (7.7% vs. 12.9%, p<0.0001). In both DD and LD transplant recipients, patients experiencing graft failure were older, with the majority in the 11-17 year age range. Black patients made up a disproportionate percentage of LD and DD transplant recipients experiencing graft failure, representing 33.6% of all graft failures but only 17.3% of the total study cohort. Similarly, patients with a body mass index > 85% made up only 13.5% of transplant recipients but 19.4% of the transplant recipients experiencing graft failure. In regards to etiology of ESRD, graft losses in patients who were not transplanted preemptively occurred more commonly in patients with glomerulonephritides, focal segmental glomerulosclerosis (FSGS) or lupus. Although these diagnoses were less common among patients transplanted preemptively, a greater proportion of preemptively transplanted patients with these diagnoses experienced graft loss. Patients who lost their grafts had public insurance more often. Interestingly, number of human leukocyte antigen (HLA) mismatch had no correlation with graft failure for preemptive transplant recipients but greater numbers of HLA mismatches were associated with increased graft failure among patients receiving non-preemptive transplants. Among the preemptively transplanted patients who experienced graft failure, the distribution of those living in poverty reflected the poverty distribution in the overall cohort. In contrast, among the non-preemptively transplanted group, graft failure was skewed toward patients living in higher poverty neighborhoods.
Time to Graft Failure
Examination of graft survival rates amongst DD transplant recipients indicated statistically significant benefits in graft survival for preemptive (vs. non-preemptive) transplant recipients as early as two years post-transplant (94.9% vs 91%; p<0.001), a benefit that trended to larger value and significance in a linear fashion, with the most marked difference noted at five years (85.4% vs 76.4%, p<0.0001) ( Figure 1A and Table 3 ). In LD recipients, the graft survival differences between preemptive and non-preemptively transplanted patients were observed as early as 1 year post-transplant (99.2% vs 97.3%; p=0.0002), and, similar to DD recipients, the largest benefit of preemptive transplant was evident at five years (93.8% vs 89.2%; p<0.0001) ( Figure 1A and Table 3 ).
Across the entire cohort, any dialysis exposure was associated with a 32% higher rate of graft failure (HR 1.32; 95% CI: 1.10-1.56) in multivariable analysis adjusted for sex, race/ ethnicity, age at time of transplant, etiology of ESRD, panel reactive antibody (PRA), cold ischemia time, insurance status at time of transplant, neighborhood poverty and donor type ( Table 4 ). When we categorized the non-preemptive group by dialysis duration, significant graft survival benefits were observed between patients transplanted preemptively and those on dialysis for as little as 6 months. However, when stratified by donor source, the graft survival benefit of preemptive transplantation was statistically significant only compared with children who were on dialysis for more than one year. Compared with children transplanted preemptively with DD or LD, children on dialysis for more than 12 months had a 52% higher rate of graft failure (Table 4 ).
Mortality
A total of 334 patients (4.4%) in the study population died during a median follow-up time of 5.2 years. There were fewer deaths (N=37, 2.4%) among patients who received a preemptive transplant versus those who received a transplant following dialysis (N=297, 5.4%) (p<0.0001). In crude Kaplan-Meier survival models, when stratified by follow-up time, reduced mortality in patients receiving preemptive DD transplants was evident at 5 years post-transplant (97.5% preemptive vs 95.0% non-preemptive, p=0.0040) ( Figure 1B and Table 5 ). In contrast, preemptive (vs. non-preemptive) LD transplant conveyed significant survival benefit as early as one year post-transplant and through five years, although with no direct linear cumulative effect was noted ( Figure 1B and Table 5 ). In multivariable Cox models, across the entire cohort, dialysis exposure was associated with a 69% increase in mortality rate (HR 1.69; 95% CI: 1.22-2.33) ( Table 4 ). When we analyzed preemptive transplant in comparison to varying time on dialysis, we observed clear and substantial survival benefits in multivariable analyses for both DD and LD preemptive transplants compared to children on prolonged dialysis. Compared with children transplanted preemptively with DD, we observed a 75% higher rate of mortality for DD transplant recipients on dialysis > 18 months (HR 1.75; 95% CI: 1.02-3.03) and 2-fold higher rate of mortality for LD transplant recipients on dialysis over 18 months (vs. preemptive LD) (HR 2.00; 95% CI: 1.18-3.33) ( Table 4 ).
Sensitivity Analyses
We conducted two sensitivity analyses. First, given that preemptive transplantation necessitates sufficient size and weight, we repeated our main analyses excluding children < 2 years of age at the time of ESRD. The results of these analyses (non-preemptive vs. preemptive) were similar to the main analyses for both graft failure (HR 1.35; 95% CI: 1.11-1.61) and patient mortality (HR 1.89; 95% CI: 1.30-2.70). Second, we recognize that children with glomerular disease generally progress more rapidly to ESRD 25 , allowing less time to prepare for preemptive transplant. For this reason, we conducted another sensitivity analysis in which we restricted the cohort to those with CAKUT diagnoses only. Restricting to CAKUT alone yielded even stronger findings for the negative impact of dialysis exposure (vs. preemptive transplant) for graft failure (HR 1.56; 95% CI: 1.19-2.00) and patient mortality (HR 1.82; 95% CI: 1.14-2.86), respectively.
Discussion
This study, comprised of a large national sample of pediatric patients with ESRD, demonstrated significant graft and patient survival benefits of preemptive transplantation, regardless of donor source. Among 7,527 pediatric kidney transplant recipients over the 13year study period, 22.2% were transplanted preemptively, 17.5% of patients experienced graft failure and 4.4% died. Compared with children transplanted preemptively, children who received any dialysis prior to transplant experienced much higher rates of graft failure (HR 1.32; 95% CI: 1.10-1.56) and death (HR 1.69; 95% CI: 1.22-2.33), even when accounting for demographic, clinical, and transplant factors. In multivariable models, graft survival benefits among preemptive transplant recipients were most striking compared with children who were on dialysis for more than one year; these results remained statistically significant when stratified by donor source. Similarly, mortality benefits of preemptive transplantation remained substantial and statistically significant when preemptive transplant was compared with dialysis exposure > 18 months.
In the pediatric literature, various studies have documented equivalent outcomes or modest survival benefits for preemptively transplanted pediatric patients, although the majority have been small single institutional studies. [16] [17] [18] [19] [20] [21] [22] 24, 26 Three larger studies demonstrated better outcomes with preemptive transplantation, but with mixed findings. In 2000, Vats et al published a study examining a group of 2495 North American pediatric renal transplant recipients, 625 of whom were preemptively transplanted, and found that pre-transplant dialysis did not alter outcomes in DD kidney transplant recipients but did shorten long-term graft survival in LD kidney transplant recipients. 24 Cransberg et al examined a group of 1111 European pediatric patients, 156 of whom were preemptively transplanted from 1990-2000 and found the opposite effect: there was no benefit in avoiding dialysis prior to LD transplant but there was improved graft survival for preemptive DD transplant, although this effect disappeared in the second half of the study decade. 17 Finally, in the largest study, Butani et al examined an OPTN database of 3606 pediatric renal transplants, 28% of which were preemptive (n=1003). 22 The one-year acute rejection rate was lowest in the preemptive group, but avoiding dialysis only conferred a decreased risk of graft failure following LD transplant, not DD transplant. Our study is the largest to date, analyzing over 7,500 pediatric renal transplant recipients with over 1,600 receiving preemptive transplants. Here we show significant benefit for preemptively transplanted LD and DD allograft recipients for both graft longevity and decreased mortality. Although the adverse effects of dialysis are well recognized, only 22.2% of children in this cohort received preemptive transplantation. A recent USRDS Annual Data Report noted that only 37% of children overall received a kidney transplant within the first year of ESRD care. 27 Although children with ESRD have significantly less exposure to dialysis than their adult counterparts with much shorter median waiting times, our study provides evidence that the impact of dialysis should not be minimized in children. Children with ESRD have mortality rates 30 times higher than children without ESRD. 28 Given this substantial difference in life expectancy, dialysis exposure, however brief, has the potential for tremendous long-term cumulative negative effects. The five-year survival probability for children beginning dialysis is only 82% for both hemodialysis and peritoneal dialysis compared with 95% for transplantation. 27 In addition, due to technical challenges of accessing vessels, 81% of incident pediatric ESRD patients start hemodialysis with a catheter, incurring higher risks of infection. 27 Further, considering that current allograft half-life is 12-15 years, 29 most patients transplanted in childhood will require re-transplantation during their lifetime. Thus, every effort should be made to ensure prolonged graft survival of a child's initial transplant as well as preservation of vascular access for future dialysis and transplant opportunities.
In the history of transplantation in the US, both legislation and public opinion have supported priority allocation for children to reduce dialysis exposure and optimize the substantial health benefits of transplant in early life. 30 In 1984, The National Organ Transplantation Act charged the Organ Procurement Transplantation Network to consider the unique healthcare needs of children in the design of the national allocation system. 31 Prior to 2005, Children < 11 years of age received 4 additional points and 11-17 year olds received 3 additional points. In addition, allocation policies directly targeted minimizing dialysis exposure for children by providing additional allocation priority for children with extended waiting times. 32 Extended waiting times were specified as: > 6 months after listing for pediatric candidates ≤ 5 years of age, > 12 months for those who were 6 to 10 years of age, and > 18 months for those 11 to 17 years of age. In 2005, the United Network for Organ Sharing (UNOS) altered the kidney allocation system again using the "Share 35" policy which prioritized pediatric candidates to receive organs from donors less than 35 years of age, however additional allocation priority based on extended pediatric waiting times was eliminated from the allocation scheme. 33 More recently, the new Kidney Allocation System (KAS) was adopted in December 2014 in response to the growing disparity between organ supply and demand. 34 KAS was intended to better align the quality of organs with quality of donors. In this system, pediatric patients are allocated organs in the groupings of higher quality organs (defined by Kidney Donor Profile Index, KDPI), however, once again no special consideration or weighting is given to children with extended dialysis waiting times. Although the KAS policy has not created a statistically significant disadvantage to pediatric access to transplant so far, pediatric transplant rates do appear to be declining. 35 As organ demand continues to outpace supply, longer waiting times for children are likely inevitable unless policy modifications are adopted to specifically address minimizing pediatric dialysis exposure time.
Our study demonstrates substantial allograft and mortality benefits for children receiving DD or LD preemptive transplant compared with children who have any dialysis exposure, however benefits were most salient compared with dialysis exposure of 12-18 months. Clearly, the optimal treatment for children with ESRD is preemptive transplantation, however this is not always possible. Infants with ESRD must reach a reasonable weight (usually 10 kg) to successfully receive a transplant. Medical conditions, such as active nephrotic syndrome or lupus, may preclude preemptive transplantation. Although we are gaining insight into risk factors associated with renal disease progression in children with CKD 25 , evidence of nonlinear trajectories for disease progression make prediction models for optimal timing of RRT a remaining challenge. 36 There are also no standardized criteria to guide transplant referral and evaluation practices specifically for children, creating tremendous practice variation with room for subjective interpretation of psychosocial "readiness". 37 The majority of pediatric preemptive kidney transplant occurs through living donation. Living donation enables more control over transplant timing. There have been widespread concerns that pediatric priority allocation for deceased donors has disincentivized living donation for children and indeed living donor rates for children have declined over time. 27, 38 The benefits of preemptive transplant noted in our study provide further evidence for providers to encourage living donation whenever possible. As deceased donor waiting times and the overall number of kidney transplant candidates increase, the benefits of living donation for timely preemptive transplantation will become even greater. Certainly children, just like adults, may not have eligible or willing donors. For those children who are unable to be preemptively transplanted with a LD, our study's findings support clinical efforts and public policies to reduce waiting times for pediatric DD candidates.
These findings are an important step forward in understanding the benefits of preemptive transplantation and burdens of even short-term dialysis among children with ESRD. This is the largest national retrospective study examining preemptive pediatric renal transplantation to date. Although longer follow-up time and greater events will enable future studies to examine subgroup and stratified analyses, our results demonstrate a significant benefit to avoiding dialysis in pediatric ESRD patients both in terms of organ survival and mortality, regardless of donor source.
Methods
Study Population and Data Sources
Incident, pediatric (age < 18 years) ESRD patients identified from the United States Renal Data System (USRDS) who entered the Medicare ESRD program between 2000 and 2012 were examined. Basic demographic data were obtained from the Centers for Medicare & Medicaid Services (CMS) Medical Evidence Form 2728, completed on all incident ESRD patients. Outcome data on transplantation were obtained from USRDS and are virtually 100% complete. 39 Data on neighborhood poverty were obtained from Census 2000 by patient ZIP Code. There were a total of 8,552 pediatric (< 18 years) patients who received a transplant from January 1, 2000 through September 30, 2012. We excluded patients who had previously received a transplant (n=915), patients who received a multiple organ transplant during the study period (n=98), and those with a missing donor type (n=12). A total of 7,527 pediatric kidney transplant recipients were included in our analyses.
Study Variables
The primary outcomes of interest were death-censored graft failure, in which death with graft function was treated as graft failure, and mortality. The primary exposure variable was the receipt of a preemptive transplant (yes/no), defined as a transplant with no history of dialysis. Because recent studies have highlighted differences in pediatric recipients of living vs. deceased donor kidneys with respect to transplant access and general demographic and clinical characteristics, we also stratified analyses by donor source. 40, 41 In addition, since recent literature has suggested variation in pediatric waiting times, we examined time on dialysis (0-6 months, 6-12 months, 12-18 months, >18 months) 8 . We considered the effects of race/ethnicity as a contextual and social, rather than a biologic determinant. 42 Demographic and clinical covariates examined included characteristics associated with both dialysis exposure and with the outcomes, including patient age, sex, race, etiology of ESRD, body mass index, insurance type, blood type, cold ischemia time, donor age, PRA calculated as the maximum of the peak PRA, calculated PRA, or class I or class II PRA values, HLA mismatch number and Share 35 policy era. We examined year of entry into the ESRD Medicare program to examine time trends over the decade. Health insurance at the time of transplant was categorized as private (employer), public (Medicaid, Medicare, Veteran's Administration, or combination), other, or no health insurance.
Statistical Analysis
Chi-square tests and t-tests (or non-parametric equivalents of the t-test) and exact statistics (when expected values of cell sizes were < 5) were used to examine differences between demographic and clinical characteristics of patients by race/ethnicity. To examine the multivariable-adjusted association of preemptive transplantation and outcomes of 1) deathcensored graft failure and 2) mortality, Hazard Ratios and 95% confidence intervals were calculated using multivariable Cox proportional hazards regression models separately by donor type. We tested for interaction between preemptive transplantation and donor type to determine whether the benefits of preemptive transplantation varied depending on whether a patient received either a DD or LD transplant. We performed a complete case analysis in the event of missing covariate data.
Secondary Analyses
We conducted several sub analyses. We excluded patients who were at risk of recurrence of kidney disease, including patients with FSGS and nephrotic syndrome, since these diagnoses are associated with a higher risk of graft failure compared to other etiologies of ESRD. 43 We conducted a sub analysis in which we restricted the cohort to CAKUT only. We conducted a sub analysis in which we excluded patients < 2 years of age since those patients may have reduced ability to receive preemptive transplant. In addition, we further explored patients who received an early transplant by categorizing time on dialysis into fewer categories (0-6 months, 6-12 months, 12-18 months, and > 18 months) and compared outcomes among patients with preemptive and non-preemptive to reduce potential bias in classifying early transplant recipients with late transplant recipients (> 1 year dialysis). Finally, we analyzed transplantation pre-and post-Share 35, an allocation policy designed to earmark organs from younger donors to pediatric patients less than 18 years of age, to determine whether this would affect preemptive transplant rates or outcomes. 44 Two-tailed p-values <0.05 were considered statistically significant in analyses. All analyses were performed with SAS software (v9.2). The Emory University Institutional Review Board approved this study. 
